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?> ABSTRACT?
This paper discusses the design and build of a multiple position turret used to
simultaneously attach six end effectors to a four-degree of freedom Adept robot. The
main objective of this thesis is to develop a prototype tool changer that is different,
more cost effective, and offers more features and versatility than any other.
Use of the turret allows the robot to quickly change the end effector in use by simply
rotating any of the others into the ready position. This reduces the tool changing time
in a high-speed assembly process that is normally associated with conventional tool
changers disconnecting one end effector and picking up another. Employing the turret
concept in a robotic assembly operation will also lengthen the life of the robot because
there are fewer moves that have to be made by the robot itself.
The turret is approximately 8 inches high, 7 inches wide and its turntable is 6.25 inches
in diameter. This small envelope is a large benefit over the bulky system that would be
needed for the more traditional tool changers. The turret's weight while populated with
six small end effectors is approximately 10.5 pounds. The cost of the turret, not
including end effectors, is approximately $5,500.
CHAPTER I. INTRODUCTION
Turret tool changers have been designed in the field but there are few pre-designed
turrets and turret accessories that can be purchased from a manufacturer or robotic
component distributor. The initial cost of a turret tool changer tends to be higher than
the more conventional types of tool changers, which deters companies from purchasing
such equipment. Some turret tool changers and turret head accessories that have been
designed and sold by various companies in the past are mentioned below.
? Robohand is a company in Monroe, CT that designs and manufactures pneumatic
grippers, power slides, linear thrusters, feed escapements, rotary actuators, and much
more [5]. They are one of the most popular companies in the field of off-the-shelf
assembly and automation components. Robohand, like many other companies,
accommodate their customer's application needs by altering their current product or
designing special automation equipment that is not normally stocked.
A turret tool changer is not one of Robohand's normally stocked items, however, they
designed one turret tool changer for a customer (see Figure 1). This turret has a
harmonic drive transmission that is in line with a DC servomotor. It has six end
effector stations, all of which have a platform that an end effector would fasten to.
There is a small pneumatic cylinder that is attached to the platform that pivots the end
effector
90
with respect to the turret head. This would allow the user to pick a part in
one direction (Y-axis travel), pivot the platform 90, and place the part normal to the
pick direction (X-axis travel) without rotating the turret head during this operation.
Only the bottom-most end effector has full pneumatic and electrical power capabilities.
1
Through a very clever pneumatic slip ring design, the other five end effectors have








? Mack Corporation is





designed to be used in
fluid power or non-
servo applications [6].
They offer a product
line of grippers, rotary
actuators, slides,
pistons, turret heads,
and other fluid power
accessories. These accessories can be joined together to build the "non-servo
robot"
which if designed and assembled properly will perform many different combinations of
roll, pitch, and yaw.
Figure 1: Robohand Turret Tool Changer [5]
There are many manufacturers that offer robotic accessories such as Robohand, Bimba,
SMC, etc. However, Mack was the only manufacturer of turret heads that was found.
The turret heads that Mack supplies are just plain, gripperless, and powerless turret
heads. They can be purchased in three different end effector mounting configurations
(see Figure 2). The axial turret heads allow the user to mount 2, 4, or 6 end effectors
parallel with the line of rotation. Radial turret heads allow the user to mount 2, 4, or 6
end effectors perpendicular to the line of rotation. Lastly, the
45
canted turret head,
which is the style of the turret head in this thesis, allows the user to mount 2, 4, or 6
end effectors
45
to the line of rotation. All three configurations have their own
advantages depending on the layout of the assembly process. The designer who
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Figure 2: Mack Corporation - Available Turret Heads
means of rotational power and air supply to the turret. These turret heads are
off-the-
shelf items that can be purchased at any time.
? Alliance Automation of Rochester, New York is a worldwide innovator in the field
of customized turn-key flexible automation systems [4]. They designed a modular
printed circuit board insertion cell called
Boardmate
that handles both through-hole
and surface mount components. Their primary sources of pick and place motions came
from a high speed SCARA robot and a turret tool changer that is populated with eight
grippers. Due to the various shapes and sizes of computer circuit board chips, they did
3
not have any trouble utilizing all eight end effectors for different gripper finger
geometries (see Figure 3). The processes for pneumatic and electrical actuation of the
end effectors are unknown. This turret tool changer came with the modular automated
assembly cell, which stores and dispenses the parts. It is possible that the actual turret
head itself may be designed and purchased through Alliance, however, it is not a
normally stocked, off-the-shelf item that can be purchased at any time.
? The author of this
thesis and another R.I.T.
graduate, Brace Peters,
developed a turret tool
changer prototype for an
R.I.T. Robotics class
project [13]. This
mechanism had a turret
head that had five end
effector facets. Only the







Figure 3: Alliance Automation Turret
capabilities. There was a pneumatic cylinder that engaged two positive pressure air
ports (solenoid actuated) and three electrical contacts for end effector sensor feedback.
A 24VDC servomotor powered this mechanism, which was directly in line with a 5
position Geneva wheel. The idea of a Geneva wheel as the indexing transmission is
clever, however, it possessed a great deal of backlash. Much of this backlash had to do
with the imprecise machining of the individual parts. This prototype demonstrated the
feasibility of a turret tool changer in an assembly production environment. This
prototype resides at the R.I.T. Robotics lab for use in future projects.
It has been observed in the past that other companies, such as those mentioned above,
have developed their own turret tool changers for assembly uses where frequent tool
changes are necessary. The whole concept of using a turret as the means for changing
end effectors is a good idea. It is a time and money saver due to higher machine
efficiencies and greater production rates. Some companies may realize that the initial
cost of a fully powered turret tool changer is more expensive than more conventional
tool changers, however, over a short period of time, it will pay for itselfwith the higher
production rates and less wear and tear on the robot.
CHAPTER II. WHAT MAKES THIS DESIGN DIFFERENT?
This turret has a few of the same characteristics as the above-mentioned turrets,
however, some of the added features make it quite different. Each end effector has
pneumatic supply and electrical feedback lines plumbed to them, which are external to
the turret head. This feature gives the user the capability of powering (actuating) each
of its six end effectors at any time, at any position, and all at once if needed. It also
provides the ability to pick and place at almost any angle if necessary for the more
intricate part insertion operations. With the pneumatic and electrical input connections
being independent of the turret's motion or position, the turret is also capable of
actuating any end effector while performing a turret rotation move. Having the ability
to pick up and hold six different parts at once before moving to the destination position
is also a time saver.
This turret, which in some ways is very similar to Robohand's design, has a harmonic
drive transmission that, when coupled with the DC servomotor and rotary encoder, its
movement is very accurate and repeatable with virtually no backlash. This control of
rotational movement is imperative in high speed and high precision part insertion and
assembly operations. Due to the high
reduction ratio of the harmonic drive gear set
(50:1), the turret has a high output torque rating. The three-phase DC servomotor
coupled with this transmission makes it capable of rapid rotation movements with high
acceleration and deceleration rates.
CHAPTER III. TURRET'S PRELIMINARY DESIGN
There were many constraints and guidelines in the design of the turret. The turret as a
system must have all of the features and qualities that make it unique, highly efficient,
and different from other turrets. Some of the design criteria taken into consideration
are user interface, weight, speed, aesthetics, easy tool changeover, precise motion
control, repeatability, accuracy, backlash, and most importantly, a rugged design.
The turret's indexing speed must be greater than that of the more conventional tool
changers which could take up to 2-4 seconds depending on the speed of the robot and
the hand exchange unit [5]. The turret is designed to index to the desired end effector
in the time it takes the robot to reach the next programmed destination. This is the
ideal situation where there is no stall time in between the robot's tool destinations.
Weight and size considerations play a big role in the design of the turret. This turret
will be used on an Adept-1 robot, which has a maximum payload of 25 Lbs. It is
advantageous to keep the weight to a minimum to allow for higher attainable robot
speeds without failure or unwanted fatigue.
Since the turret may be used in many different setups,
the user interface must be taken
into consideration. It must be easy for the user to change the tools that
fasten to the
turret head. Use of quick disconnects for pneumatic and electrical hookups are a must.
The best design is a design that has very little to no backlash in the system, is highly
repeatable, and has great positional accuracy. The mechanism must be rugged and
should have high life expectancy. The turret should be able to withstand a factory
production environment that is capable of operating reliably for three full shifts a day
with no downtime.
CHAPTER IV. TURRET'S STRUCTURE
The turret as a whole is attached with a
45
adapter block to the flange that is on the
end of the robot's quill (see Figure 4). The body of the turret, which is fastened to the
45
mounting fixture, houses the in-line harmonic drive transmission. The output shaft
of a three-phase DC servomotor directly powers the transmission's input. The output
side of the harmonic drive transmission is fastened to the main drive shaft that is
supported on two heavy-duty angular contact thrust bearings. The heavy-duty bearings,
which contribute to the ruggedness of the design, are preloaded together with a lock nut
and lock washer.
The drive shaft and motor shaft are sealed with Chicago Rawhide oil seals because the
harmonic drive transmission must operate in a volume of lubricating oil. The body of
the turret and the axes of all rotating elements are canted
45
from the robot's quill z-
axis. The turret head is keyed and rigidly fastened to the output drive shaft. With each
end effector being
45
from the turret head's axis of rotation, it has a configuration
similar to that found on some NC turret drilling machines.
Since weight is a factor in this design, materials were selected carefully, not to over-
weigh the system. In an effort to keep the weight to a minimum, the turret's
45
adapter plate, body, and head, which make up the turret's main structure, were
machined from magnesium. The density of magnesium is approximately 65 percent of
aluminum while still keeping sufficient structural integrity as aluminum would. This
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Figure 4: Turret Tool Changer Assembly
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CHAPTER V. TURRET DESIGN FEATURES
The turret head is capable of holding six small end effectors on mounting facets that are
positioned
60
apart from one another. Each facet provides a mounting location for a
single end effector. For every station, there is
an adapter plate that connects the end effector
to the facet of the turret head (see Figure 5).
The turret head side of the adapter plate is
identical on every adapter plate. The end
effector side of the adapter plate is machined
unique to each end effector's bolt pattern. Each
plate is doweled to the turret head for accurate
positioning and screwed to its facet (see
Figure 5: Adapter Plate drawing #1016A in the Appendix E. It is
intended for the user with many setups to keep the end effector attached to the adapter
plate at all times even when it is not attached to the turret. This will ensure that when
refastened to the turret head in future setups, the end effector is positioned exactly the

















The end effector disks are positioned on the turret head in such a way that the
centerline of the bottom most end effector is in line with the robot's z-axis. This
feature allows the user to rotate the end effector about the robot's z-axis by rotating the
quill of the robot.
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A three-phase DC servomotor manufactured by Compumotor [3] provides the power for
the turret. A built-in hall-effect encoder monitors motor position feedback to the
controller. The DC servomotor has a maximum rated speed of 7,500 RPM. With use of
a 50:1 harmonic drive gear reducer, output speeds of up to 2.5 RPM can be achieved.
The controller that was purchased with the servomotor is equipped with 10 outputs and
18 inputs. These inputs and outputs are used to create a closed loop system between the
controller and the servomotor as well as to communicate with the robot's controller.
The outputs can be used to actuate the solenoids for end effector actuation if wired
properly. They can also be used to send signals to the robot controller. The inputs can
receive signals from sensors or from the robot controller.
Pneumatic and electrical plumbing are brought to the turret head from the pneumatic
solenoids and the controller's signal communication terminal respectively. The lines
are plumbed down through the robot's hollow z-axis quill, through the
45
adapter
block, and into a manifold that is fastened to the outside center of the rotating turret
head. The manifold transfers the hard plumbing to quick disconnect push-type
pneumatic fittings and 9-pin D-sub electrical connectors. The pneumatic connections at
each mounting facet consist of two
positive pressure ports for a one or two-way end
effector actuation and one negative pressure port for vacuum pick up while using an
external vacuum generator. The pneumatic and electrical connections are provided at
each mounting location allowing
all six end effectors to be operational at all times and
independent of one another.
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The turret head is equipped with a homing sensor that communicates with the
controller, establishing a reference position upon powering the system. An inductive
proximity switch is attached to the body of the turret which senses an
1/8"
diameter
dowel pin that is pressed into the back side of the turret head. The homing operation is
a sequence of moves that position the axis of the turret head using the home limit input
channel in the controller. As the homing operation is complete, the encoder count is set
to zero, which establishes a zero reference position.
Since there is plumbing channeled to the center of the turret head, it is essential that the
head does not turn too far in either direction which would cause this electrical and
pneumatic plumbing to twist and fatigue. To avoid this from happening, there are
clockwise and counter-clockwise ends of travel limit switches incorporated into the
system. The clockwise (CW) and counter-clockwise (CCW) limit switches are fastened
to the body of the turret along with a slide block that triggers the sensors. This slide
has a pin pressed in it that follows a spiral groove that is machined into the back side of
the turret head. The spiral slot is illustrated in the turret head part drawing (#3003C) in
Appendix E. In this case, the turret is only allowed to travel a maximum of
720
between end-of-travel limits. This
720
rotation capability make it possible for the
turret to pick and place from any position possible without excessive twisting of the
plumbed electrical or pneumatic lines.
If an end-of-travel limit is triggered, the turret head rapidly decelerates to a stop and
continues motion in the opposite direction as programmed. Any program written to the
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controller must be defined such that the turret's location does not step outside the
end-
of-travel limits.
A start-up program initiates a homing sequence of the turret head at a slow rotational
velocity in the CW direction. If the CW end-of-travel limit switch is encountered prior
to sensing the homing pin, the turret will change directions and continue in the opposite
direction to search for the home position. If the CCW end-of-travel limit is triggered
before the homing pin is found, the motor will shut down at this location.
The turret has six end effectors attached and ready for use. They consist of 2 SMC
(#ZHI07B) venturi-type vacuum generators for a suction pick and place, three 2-jaw
parallel grippers, and one 3-jaw centering gripper. The SMC (#MHQ2-10C) 2-jaw
spring loaded parallel gripper is equipped with a Hall-effect sensor that detects the
gripper in the open position by detecting a magnet that is pressed in the end of the
gripper's piston. This sensor has two wires that can be connected to the 9-pin D-sub
connector to be used in one of the controller's inputs in a closed loop system. The
SMC (#MHR3-10R) 3-jaw centering gripper is normally used for round parts that are in
need of centering before placing. The other two 2-jaw parallel grippers are Schunk
(#RH801P & #MPG 40) grippers.
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CHAPTER VI. HARMONIC DRIVE TRANSMISSION
The author believes that the harmonic drive mechanical power transmission is a unique
feature of this design, not used in similar tooling. This type of drive has advantages
such as high gear reduction ratios in a single stage system, very low backlash, and in
line input/output that cannot be equaled by conventional gear transmissions. The
harmonic drive principle is a pure torque couple with all concentric elements and puts
extremely high reduction ratio capabilities into a very compact and lightweight
package. The precision and performance of harmonic drive gearing are ideal in
applications requiring accurate positioning or precise motion control.
Harmonic drive transmissions provide the high rotational and positional accuracy
required of precision drive mechanisms and control systems essential in today's
advanced industrial robots. Harmonic drive transmissions have been widely utilized in
multi-jointed electro-mechanical and hydro-mechanical robots to rotate the body, raise
and lower the arms, bend the elbows, and rotate the wrists. Precision and compact
harmonic drive actuators find wide uses in optical spectrum analyzers, and other
measuring instruments providing
micro-motion control.
Harmonic drive transmissions consist of three different elements: a circular spline, a
flexspline, and a wave generator (see Figure 6). There are many
different combinations
of implementing these three elements in a
transmission assembly to accomplish
different speed reduction or speed increasing tasks [2],
15
The circular spline is a round,
,,
. . ... ... . . Flexspline
thick-walled, rigid ring with Anellptcal
fionrigto',
internal spline teeth. It normally external qea
functions as the fixed or non-
Circular Spline
Around, rigicj,
rotating member but it can be used
irternal 9ear
as a rotating output element as well
Wave Generator ~-
An, e^iovcai
in certain speed increase ball bear ng assembly
applications. Figure 6: Harmonic drive components [1]
The flexspline has external teeth and is a flexible or non-rigid, thin-walled, cylindrical
cup which is smaller in circumference and has two less teeth than the circular spline. It
is normally the rotating output element but can be utilized as the fixed, non-rotating
member when output is through the circular spline.
The wave generator is an elliptical cam enclosed in an anti-friction ball bearing
assembly. It normally functions as the rotating input element. The wave generator is
inserted into the bore of the flexspline and it then forms the flexspline into the same
elliptical shape. This causes the external teeth of the flexspline on the major axis of the
ellipse to engage with the internal teeth of the circular spline at two equally spaced
areas
180
apart on their respective circumferences. This forms a positive gear mesh at
these points of engagement.
To fully understand the mechanics of the harmonic drive transmission and to appreciate
its qualities and advantages, the principles of operation of the transmission is
16
mentioned as follows. As the DC servomotor rotates the wave generator, it translates a
continuously moving elliptical form or a wave-like form to the flexspline. This causes
the meshing of the external teeth of the flexspline to the internal teeth of the circular









axis of the wave
generator. Since
the flexspline has
two less teeth than
the circular spline,
Figure 7: Principles of operation [2] each complete
revolution of the wave generator causes a two-tooth displacement of the flexspline with
respect to the circular spline. This displacement is always in the opposite direction
than that of the wave generator. Figure 7 represents the harmonic drive at four
different positions of one complete revolution of the wave generator (input). In
viewing the four steps, one can see the tooth path of the flexspline (output) with respect
to the circular spline (stationary).
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Due to the above explained operation, a basic three-element harmonic drive component
set is capable of functioning as a speed reducer. Input from a main power source, such
as the DC servomotor, through the wave generator is at high speed, but the two-tooth
per revolution displacement causes the flexspline, which is the output element, to rotate
in the opposite direction of, and at a considerably lower speed than the wave generator.
The resulting reduction ratio can be calculated using Nc and Nf as the number of teeth
on the circular spline and flexspline respectively. In this turret's 50:1 harmonic drive
gear set, there are 100 teeth in the flexspline and 102 teeth in the circular spline [7].
Nf / (Nf-Nc) = ratio: 1 (1)
Harmonic drive gear sets are not self locking. They are reversible or back drivable and
cannot be used to hold a load in position without the electrical current of a motor or the
addition of a brake. This reversibility allows the harmonic drive to be used as a speed
increaser, with the circular spline as the drive member and the wave generator as the
high-speed output element. The user of the turret has the ability to manually rotate the
turret's output when no current is supplied to the motor and with use of the encoder and
proper feedback controls, the user is capable of teaching pick and place points.
There are many advantages of harmonic drive gearing over other, more conventional,
gear trains. Harmonic drive gearing offers design engineers the freedom to integrate
drive components directly into machines or equipment because it consists of only three
simple parts. The harmonic drive principle is a pure torque couple with all concentric
elements and puts extremely high reduction ratio capabilities into a very compact and
lightweight package. The precision and performance of harmonic drive gearing are
ideal in applications requiring accurate positioning or precise motion control.
18
CHAPTER VII. REPEATABILITY, BACKLASH, 8b LIFE
Free-play or backlash between the flexspline and the circular spline in a harmonic drive
is virtually zero. When used for positioning loads, repeatability and resolution are
almost perfect. Natural gear preload and almost pure radial tooth engagement allow
standard harmonic drive gearing to operate with essentially zero backlash for the entire
gear life without preload adjustments or significant wear.
This unusual characteristic of virtually zero output backlash is due to the
unconventional tooth path combined
with a slight cone angling of the
teeth caused by deflection of the cup
walls (see Figure 8). Together, these
factors produce preload and ensure
very little sliding and no relative
motion between teeth where most of
the torque is transferred. While a
small amount of backlash occurs at
the Oldham input misalignment
Figure 8: Tapered Cup (exaggerated)
For Zero Backlash
coupling, this backlash becomes negligible when measured at the output because of the
high gear reduction ratios involved. If absolutely necessary, this backlash can be
eliminated by coupling the motor's output shaft directly to the input of the wave
generator. The Oldham coupling is designed into the harmonic drive's wave generator
to accommodate any eccentricity misalignment with respect to the input motor's shaft.
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For the transmission designed into this thesis, model #HDC-20-50:l ratio harmonic
drive gear set was used from Harmonic Drive Technologies and the maximum input
coupling backlash of 35 arc minutes translates into backlash at the output of only 35/50
arc minutes [1]. The maximum output backlash of this 50:1 ratio harmonic drive is
approximately 42 arc seconds.
Backlash in general, is considered in many servomechanism applications because the
more conventional gear transmissions place limitations on their performance. For
instance, backlash in other gearsets tends to have a destabilizing effect on feedback-
control systems. Many servomechanisms will oscillate, or "hunt", when backlash is
excessive.
Positional error is the difference between the actual position and the theoretical
position of the output for any known input movement [1].
Positional Error = (0! / R) - 02 (2)
Where 9i = input rotation angle,
02 = actual output rotation angle,
R = reduction ratio.
Maximum Rated Positional Error = 75 arc seconds = 0.021.
The harmonic drive gearing design ensures that approximately 10% of the total teeth
are engaged at any point in time, which minimizes the tooth-to-tooth error. When the
output of the harmonic drive is repeatedly cycled in the same direction to the same










of actual positions. This range represents the repeatability error and is typically 15% of
the maximum positional error under a no-load condition, which in this case is 75 arc
seconds [1]. The
maximum repeatability
error is 11.25 arc
seconds, or 0.003. In
other words, the actual
position of the turret's
output will always be
within 11.25 arc









Figure 9: Repeatability - Arc Length
To visualize this repeatability at the end effector's or gripper's pick point, it is assumed
that this point is 3.73 inches from the axis of rotation of the turret (see Figure 9). This
translated repeatability can be estimated by the arc length formula,
S = 6*r (3)
where S is the repeatability at the end effector's pick point, 6 is the rotational
repeatability of the turret's output in radians, and r is the perpendicular distance
between the pick point and the axis of rotation. Theoretically, with the use of Equation
(3) and the rated values of turret repeatability, the end effector's repeatability at its
pick point is approximately 0.0002 inches.
21
The efficiency of a harmonic drive gear set varies with speed, ratio, lubrication, and
temperature. Measured on actual shaft-to-shaft losses rather than tooth losses, standard
harmonic drive gearing efficiencies are normally in the 80
- 90% range [1].
Efficiency is high for these single-stage high-ratio drives. Inherent power losses in
harmonic drives are due primarily to rolling friction in the wave generator bearing. It
.. ;.-.. :.
*. is recommended that the harmonic drive be
\ 45
k c
Figure 10: ATF Level In Transmission
operated in a bath of oil or grease. Higher
speeds can be achieved with oil. In this
case, automatic transmission fluid (ATF) is
use in the transmission housing (see Figure
10) [1]. Because harmonic drives are not
subjected to sliding friction, they exhibit
no stiction (stick-slip motion) upon startup.
Consequently, starting torque variations
are minimal.
Harmonic drive gearing has an average life of over 15,000 hours at rated loads. The
operating life expectancy of a harmonic drive gear set is based on the life of the ball
bearings used in the wave generator when run continuously at rated torque. As long as
the gear set is mounted and lubricated properly, the life of the gear teeth will be well in
excess of bearing life, provided maximum speed and torque limits are not exceeded.
Flexspline life is virtually infinite as long as concentricity requirements between the
harmonic drive components are maintained. Also, the tooth mesh is unaffected by the
22
impact of stepping motors or frequent starts, stops, and reversals. Ratings listed for a
harmonic drive gear set are for a continuous input speed of 1,750 RPM and have an L,0
life of 3,000 hours based on the bearing. However, average life is 5 times this amount
[!]
Torque ratings and life expectancy for speeds other than 1,750 RPM can be calculated
by the following [1]:
Tr = (N/
1750)1'3 * T (4)
Lio = (TL /
Tr)3 * 3000 hours (5)
Where, TL = listed
torque*
rating at 1,750 RPM
Tr = equivalent 1,750 RPM torque* rating for various speeds
T = mean applied torque*
Lio = predicted life (hours)
N = mean speed (RPM)
* Units of torque must be consistent when used in the above equations.
A disadvantage of harmonic drive transmissions is a characteristic termed "wind-up".
Wind-up is the torsional deflection that occurs between the input and the output as a
torque load is applied to the output. The amount of this torsional deflection is defined
by the torsional spring rate, which is typically measured in units of lb-in/radian. The
majority of this deflection occurs in the flexspline due to its thin walled cross section.
This is not a major concern in this turret tool changer application because there will not
be constant torque applied to the output. Wind-up would be a problem if the harmonic
23
drive were lifting a load or holding torque while positional accuracy was critical. The
only possible scenario that could effect the harmonic drive with wind-up is if there was
an end effector with a picked part on one side of the turret head that was much heavier
than one on the other side causing an imbalance. If this were a major concern, the
angular deflection at the output can be compensated through the programming of the
controller.
There have been papers that have been written about the dynamics and control of
instrumented harmonic drives [11,12]. One of the most commonly known
disadvantages of harmonic drives is the existence of mechanical flexibility mentioned
above. In keeping with the topic of the design of a turret tool changer, the in-depth
theory of the dynamics and control of each element of the harmonic drive is not
discussed.
Harmonic drive transmissions provide the high rotational and positional accuracy
required of precision drive mechanisms and control systems essential in today's
advanced industrial robots. Harmonic drive transmissions have been widely utilized in
multi-jointed electro-mechanical and hydro-mechanical robots to rotate the body, raise
and lower the arms, bend the elbows, and rotate the wrists.
Precision and compact harmonic drive actuators find wide use in optical spectrum
analyzers, and other measuring
instruments providing micro-motion control. Metal
working machines such as
cnc pipe benders and presses require very accurate motion
control. Harmonic drives are used in a variety of machine tools such as grinding
24
machines, NC lathes and milling machines, electro-discharge machines and machining
centers. Revolving tool turrets and tool magazines also employ harmonic drive gearing
in their construction.
Harmonic drive gearing is well known for its performance and flexibility in
applications requiring controlled variable speed and phasing of rotary shafts. They are
also used in a differential configuration for web tensioning and roll registration
machines due to their smooth motion and backlash-free operation. Other applications
such as communication equipment, solar energy applications, medical, and electronic
parts production equipment employ harmonic drive gearing as the primary transmission
for movement.
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CHAPTER VIII. TURRET HEAD INTERIA
Figure 11: Turret Head Inertia Setup [14]
It is necessary to find
the inertia of the turret




mass. Due to the many
components that
comprise the turret
head, it is rather
difficult to calculate the
rotational inertia of this
mechanism. Using an
experimental setup (see




A rotating body whose mass is m, is suspended by two vertical wires of distance 2a
apart and each of length h. The center of gravity is on the vertical line that passes
through the midpoint between the points of attachment of the wires. The body is then
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turned through a small angle about the vertical axis through the center of gravity and is
then released. The period of oscillation (seconds per oscillations) is defined as T. The
moment of inertia about the vertical axis that passes through the center of gravity can
then be found by the following equation.
J =
' 1 i a mg
\lnj h
(6)
Equation 6 can be found by assuming the body rotates at a small angle 0 from the
equilibrium position where the force in each wire is F. Then the angle, <|>, that each
wire makes with the vertical is small. Angles 0 and (j) are related by
aO = h(j) Such that: <f> = (7)
h
The vertical component of force F in each wire is equal to mg/2 and the horizontal
component of F is mg((>/2. The horizontal component of F of both wires produce a
torque mg<t>a to rotate the body. Thus using the rotational analog of Newton's second
law for a single particle, the equation ofmotion for the oscillation is
J9 = -mgda =-mg or 0+^-^-6 = 0 (8)
h Jh
from which the period T of oscillation is found as





T = period of oscillation (seconds per oscillation)
2a = distance between wires (m)
h = length of wires (m)
mg
=
weight of object (kg m / sec2)
The test was performed to find the rotational inertia of the populated turret head
rotating about the axis in which it indexes. The test was performed ten times to find the
period of oscillation and all ten tests were equal (repeatable). The turret head, while
hanging from the string, was rotated at a small angle and let go. The number of
oscillations was counted for 1 minute for each test. The average time for one
oscillation was then calculated from that information. In performing this analysis, it
was assumed that the center of gravity is located along the axis of rotation. The
following data were found.
2a, m. a, m. h, m. osc. / min T, sec. / osc.









Where, w = mg. Finally, the inertia of the turret head while populated with 6 small end







With this information, motor selection details will be discussed in the following
chapter.
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The turret tool changer is driven by a 3 phase DC servomotor made by Compumotor
(model #SM161AE-N10N). The drive that is used to control power is a Compumotor
OEM670T torque servo drive. A Compumotor OEM300 power module, rated at 200
watts (continuous), is
used to supply 75





the control and logic
sent to the motor
along with the
motor's built-in
Figure 12: Motion Control Equipment Box rotary encoder
providing closed-loop positional feedback. The computer interface is controlled by a
windows based program called Motion Architect version 3.32 through an RS-232C port.
Factory specifications for each product are listed in the Appendix F. Some important
features of the apparatus are listed and discussed below. A box was made to contain all
of the pneumatic and electrical control equipment. See Figure 12 for an illustration of
the contents of the box.
POWER SUPPLY:









The Compumotor SMI 61 brushless servomotor was selected to accommodate the
requirements of the turret tool changer's motion. This motor met the minimum speed
requirement of 1 revolution per second of turret output speed due to its rated motor
speed of 7,500 rpm. This motor is capable of providing up to 2.5 revolutions per
second using the 50:1 transmission, however, that is under constant velocity conditions.
The motor also has a rated peak torque of 847 N-mm. This torque is more than
sufficient to accelerate the turret head. This conclusion was made by finding the
acceleration and deceleration in order to rotate the turret through
360
in 1 second. It
would accelerate in 1/2 second and decelerate the other 1/2-second. To move
180
in
1/2 second, the acceleration would be 25.12
rad/sec2
by using Equation 11 (initial
position and velocity are zero).
0 = (11)
2
r = Ia (12)
Using Equation 12 with a populated turret head's inertia of 1425 Kg-mm2, this would
produce a turret head torque of 35.796 N-mm or 5.069 oz-inches. Since this motion is
being translated through a 50:1 gear reducer and the harmonic drive is a
pure torque
couple, the torque is then 1/5 0th of the above value:
0.7159 N-mm or 0.1014 oz-inch.
This motor well suites the necessary torque and speed requirements
with a large factor
of safety.
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The motor comes equipped with a
4,000 pulse per revolution
incremental encoder for a closed
loop system between the motor and
controller. The controller,
however, is capable of higher
encoder resolution. The resolution
and positional accuracy is also
magnified 50 times due to the 50:1
speed reducer.
The Compumotor OEM670T drive
delivers the proper power to the
brushless motor and the encoder.
The drive contains a six-stage
drive design with hall effect sensors
for commutation. It has the
capabilities for shutting the system down if the motor runs
too hot and it has over-
voltage circuitry, which would protect the drive from large
inertial loads. The drive is
powered by a Compumotor OEM300 power supply that delivers 75 volts DC at
2.7
amps. The power supply can operate on 120 or
240 VAC and has all of the short-
circuit, over-voltage, and over-temperature














Figure 13: Dist, Vel, & Accel Curves
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The Compumotor OEM6250 is a controller capable of operating 2 axis. It has a +/-
10VDC - 12 bit analog interface with incremental encoder feedback. It controls the
OEM670T drive in velocity or torque mode. The Controller also has a home, CW and
CCW end-of-travel limit per axis. There are sixteen programmable inputs and eight
programmable outputs. These inputs and output were necessary for the gripper's
pneumatic actuation and feedback from sensors if any. The controller has two RS-232C
communication ports that connect to the COM ports of a PC.
There is another power supply in the system that powers 5VDC to the controller and
24VDC to the homing sensor and all programmable outputs. This also powers the
lights and can also be used to power other sensors if needed.
The controller requires a 6000 series based program called Motion Architect. It is a
windows based program that allows the user to set up all parameters required to operate
the motor and encoder. This program can operate many different power products such
as servo and stepper motors and several logic controllers. There are only three wires
that connect a personal computer's COM port to the controller's RS-232C port.
In Motion Architect, there is a setup menu which is a system configuration and code
generator that allows the user to automatically generate controller code
of basic system
set-up parameters such as input
and output definitions, encoder operations, drive setup,
etc. Based on the answers that the user gives to the dialog boxes, a startup program can
be generated which sets up the controller each time
it is powered up.
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The program editor portion ofMotion Architect allows the user to create blocks or lines
of 6000 series controller code, or copy portions of code from a previous file. One can
save editor files for later use in a high level program such as Basic or C, or in the
terminal or panel modules (discussed below). Any program that is generated using
Motion Architect can be saved on the hard drive of the PC and then downloaded to the
controller which is then saved in its own non-volatile memory.
A terminal emulator module allows the user to communicate directly with the controller
by typing in and executing controller code. It also gives the user the capability of
downloading or uploading saved program code to and from the controller's non-volatile
memory.
The panel module allows the user to test the controller programs with their own test
panel. The user can customize the panel with multiple windows which displays
monitored controller output. The user can also program buttons for user input and fast
command execution. This is the module that most of the programmer's time is spend
after a startup program is generated. Refer to Figure
14 for an example of a user test
panel that was made to control the turret.
Monitoring the controller's operation can be helpful in
most cases. Many windows can
be opened at once to monitor controller information such as programmable I/O, analog
I/O, limits, motor motion, encoder position, velocity,
axis and system status, timers,
communication interface, and much more.
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Setting up user defined buttons are extremely useful for fast command execution from
just a click of a mouse button. A test panel was set up for the turret tool-changer
application and the user of the panel can monitor the position of the turret, home and
end-of-travel limits, and axis and system status. The panel has a communications
window, which functions just the same as the terminal module. This allows the user to
execute individual lines of code if needed. There are 32 buttons that have been
programmed which allows the user to execute many lines of preprogrammed code for
end effector actuation, teaching points, finding home position, and shutting down the
system if user panic mode sets in. A few of the buttons have been designated for
program execution. Some of the programs will prompt the turret to go through a series
of movements to display its motion, end-effector actuation, and combined movement
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CHAPTER X. TURRET TESTING
An endurance test was performed on the turret to see if the internal parts could
withstand frequent and abrupt start and stop motions through many cycles. The test ran
for 3 complete days. The program "Dance", listed in Appendix D, was the program that
was used for this test. There are 15 moves in the program and they are set in loop
mode. This loop mode allows the program to restart when it reaches the end. The loop
process will continue until the user stops the program with a kill or stop command. The
15 different moves in Dance consist of several tool-to-tool start and stops, and a few
2-
3 complete revolutions in each direction. The test ran for 3 complete days completing a
total of 300,000 moves. Acceleration and deceleration was set at 200
rev/sec2
and the
velocity was set at 50 rev/sec (acceleration, deceleration, and velocity are input motor
settings). This input velocity of 50 rev/sec provided an output speed of 1 rev/sec.
After the test was complete, the turret was disassembled for inspection. There were no
apparent wear marks on any of the elements of the harmonic drive transmission. There
was no slop in the bearings (axially and side-to-side). The automatic transmission fluid
lubricant was still red in color and clean. There was still no sign of any backlash after
the test (in the assembled state) which is a good indication that the there was no wear in
the harmonic drive gear teeth.
A repeatability test was completed
before and after the endurance test (see Figure 15).
This test used a
0.0001"
telescoping indicator to monitor one of the gripper's location.
By controlling the turret to rotate the gripper away
from the indicator and then back to
the same position, the indicated position, theoretically
before and after movement,
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should be the same (repeatable). The repeatability was found to be within
0.0002"
while approaching the indicator from the same direction. While approaching the
indicator from the other direction, the repeatability was within 0.0005". This
repeatability of
0.0002"
verifies the rated repeatability of the harmonic drive's output







Figure 15: Repeatability Test
The repeatability test and the endurance test
proves that the turret is a rugged,
well-
built, and precise machine. This turret, having the above tested qualities,
can fill many
of industry's assembly and automation
needs.
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CHAPTER XL RECOMMENDATIONS & CONCLUSIONS
As Webster defines it, "A prototype is an original model or pattern from which
subsequent copies are made, or improved specimens developed". Since this turret tool
changer is indeed a prototype that has been designed, tested, and tweaked, there has
been a lot of additional brainstorming and thought put into the concept after the
prototype design was finalized. In this process, a "what should be done
differently"
list
was generated. All of the concepts are kept, however, there are things that can done to
the design to make it easier to produce, easier to assemble, lighter, cheaper, etc. This
design, just as any other, can afford to have a design for manufacture analysis done on
it. The following mentions a few improvements that can be made.
The
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adapter plate that fastens the turret to the robot flange is rather bulky. This can
be redesigned in such a way that it is smaller, lighter, and more aesthetically attractive
while still maintaining its function.
The pneumatic solenoid valves that were selected for the actuation of the end effectors
are by far adequate. However, they are over-sized to
accommodate for the long travel
of air through the long air hoses. Much smaller solenoid valves
can be purchased and
attached directly onto the turret head only requiring a
single airline to be channeled to
the turret head. This would eliminate the twisting plumbing attached to
the turret head.
The following is not something that should
be changed but should be looked into.
Solenoid valves, these days, can be rather small in size
and very lightweight. It may be
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beneficial to mount one solenoid valve directly to each end effector plate. A slip ring
concept can be designed into the back of the turret head, which would only have to
supply compressed air and/or vacuum to the solenoid valves. This would not add too
much weight to the assembly and it would also eliminate 12 pneumatic hoses that would
twist upon indexing the turret head.
The selection of solenoid valves is sufficient for this application, however, the six end
effectors use up all ten outputs which leaves the user unable to communicate with other
accessories that would normally be activated with an output's high or low state. To
free up outputs, 4 way
- 2 position (4/2) values should have been selected for the
double acting end effectors instead of 3 way
- 2 position (3/2) valves. Each 4/2 valve
has 4 air interfaces, which are air supply, exhaust, and two user ports. Only one
controller output is needed with a 4/3 valve to fully control the open and close of a
double acting end effector where as two outputs are needed when using two
3/2 valves.
Also, with two 3/2 solenoid valves operating one double acting end effector, only one
solenoid must be powered at any one time. If both solenoids are powered at once, they
will try to fight each other by supplying air to both sides of the end effector resulting
in
no movement.
The end effector disks that are designed into the turret head assembly are quite
sufficient and adequately locate the disk
with respect to the turret head. However,
other methods of locating the end effector disk can be utilized that
would make the
parts cheaper to machine. For example, a two pin locating system can be used instead
of the step and pin. The two
methods mentioned restrict movement
in eleven out of
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twelve degrees of freedom. The twelve degrees of freedom consist of the disk's
rectangular planes, x, y, & z, and the disk's polar axes: 9x, 0y, 6z, -9x, -0y, & -9z.
Eliminating the step in the end effector disk and the mating step in the turret head
would reduce machining time and complexity a great deal. It is recommended that a
simple dowel pin and diamond pin locating method be employed in any redesign.
The top O-ring that seals the motor adapter plate to the transmission housing interferes
with the six mounting screws. This interference will wear the O-ring after a long
period of time. There is nothing that can be done with the mounting screw pattern
because that is the same mounting pattern of the circular spline element of the harmonic
drive. This is not extremely critical because it is unlikely that the turret will be
inverted during operation, which would pool the oil up against the motor adapter plate,
however, it is something that should be addressed for future production.
The manifold on the front center of the turret head is functionally adequate, however, it
is rather cumbersome and complex. The air port that is closest to the turret head is too
close to the disks which makes it very difficult to fasten and unfasten
air lines to the
fittings. Also, the fittings that are fastened to the inside wall of the manifold are
extremely difficult to access. Assembly of the manifold
is also rather tedious. Many
clever things can be accomplished with internal porting of air. Presently, the three air
ports per end effector are positioned parallel to the axis of
rotation. If the ports were
positioned perpendicular to the axis of rotation, holes can be drilled and
tapped down
through the top of the manifold, which
would channel the air
90
inside the material. If
this was done, the inside fittings can be mounted on
the top of the manifold and they
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can be spaced closer together because they would be straight fittings as opposed to the
90
elbow fittings. This may also decrease the overall size of the manifold.
Another minor detail that could be changed to decrease the overall size of the manifold
is to eliminate one of the air ports. It is rather simple and easy to change the pneumatic
tubing from positive pressure to vacuum at its source. This would also reduce the
machining time of the manifold and it would also decrease the number of hoses that are
necessary to twist when indexing the turret head.
Due to the need for a lightweight mechanism, the larger turret parts were machined
from magnesium. Magnesium surfaces that have no finish on them tend to tarnish and
discolor over time due to oxidation. Newly machined, bright, and shiny surfaces make
the mechanism aesthetically attractive, however, it is very temporary if there is no
finish coating applied to the magnesium. Magnesium finishers are not as common as
anodizing aluminum finishers, however this service is available. Any surfaces that
have extremely tight tolerances such as diameters for dowel pin holes or bearing
surfaces may be masked if desired. All magnesium parts on the turret should be
anodized.
There may be a problem over a period of time with the
circular spline. Presently, its
location is restricted locationally, by the pocket in the transmission housing, and
rotationally, by the six screws that fasten the transmission/motor cap to the
transmission body. It is possible that there can be some slop, rotationally, because the




The circular spline, in this design, is the fixed, non-rotating element in the harmonic
drive transmission. The circular spline should be pinned to the transmission housing
with dowel pins. The dowel pins will restrict any rotational movement of the circular
spline with respect to the transmission housing.
The turret mechanism as a whole is very accurate, rugged, and versatile with minimal to
no backlash present in it's operation, which is very important. The turret can also save
a tremendous amount ofmoney in the cost of assembly time and tool change time.
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APPENDIX B; TURRET BILL OF MATERIALS 85 COST
The cost of the purchased parts that make up the turret was approximately $4,260 (1997
USA dollars). This includes pneumatic and electrical apparatus, hardware, motor,
controller, transmission, and power supplies (see Table 1 below). A complete system
may cost in the neighborhood of $5,500 including raw materials and labor. Less
elaborate electrical controls may be purchased to decrease the cost considerably. Some
of the electrical components purchased are more expensive than others that could have
been purchased. For example, the current controller is capable of controlling two axes
separately. This is not a requirement of the turret tool changer, however, it gives the
user, such as students in the RIT robotics lab, the capability of puting this turret to use
in conjunction with another axis. This turret project can be less expensive if there were
less elaborate controls were purchased. This turret tool changer can also be fabricated
at a lower cost ifmore than one were built at once.
For comparison purposes, components for a conventional type tool changer system have
been priced out. In order to build a system that can equal the turret's capabilities, the
user would have to purchase 1 robot half and 6 tool halves as well as the electrical
accessories for the robot half and each of the 6 tool halves. The total cost would be
approximately $3,700 (not including end effectors, design, or cradle) [5]. In comparing
the two costs, even though the turret's initial cost is slightly higher, the turret tool
changer seems to be a logical choice considering the increased production rates and
features.
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Table 1: Bill Of Materials and Part's Price List For Purchased Parts
Description Vendor Part# Qty Price ea. Total
Controller Compumotor (IME) OEM6250 $1,473 $1,473
Drive Compumotor (IME) OEM670T $565.00 $565.00
Servo Motor Compumotor (IME) SM161AE-N10N $514.00 $514.00
Power Supply Compumotor (IME) OEM300 $595.00 $595.00
Adapter Board Compumotor (IME) VM50 $120.00 $120.00
3/2 Solenoid Valve SMC NVJ314-5LZ 9 $32.58 $293.22
Pressure Manifold SMC NW3J3-S42-06-M5T 2 $35.55 $71.10
Elbow Fittings SMC M-5ALU-4 20 $1.88 $37.60
Straight Fittings SMC KJS04-M5 20 $2.40 $48.00
Tubing SMC TU0425R-20 3 $14.04 $42.12
Harmonic Drive HD Technologies HDC-020-050-2A 1 $409.00 $409.00
Fafnir Bearings Bearings, Inc. 7204W 2 $15.43 $30.86
CR Oil Seal, shaft Bearings, Inc. 7824 1 $11.00 $11.00
CR Oil Seal, motor Bearings, Inc 2513 1 $15.87 $15.87
Whittet Higgins Nut Bearings, Inc. NT-04 1 $1.21 $1.21
Whittet Higgins Washer Bearings, Inc WT-04 1 $.86 $.86
Electrical Connectors Radio Shack various ** $29.37 $29.37
Hardware Cook Iron Store various ** $3.69 $3.69
Hardware Cook Iron Store various ** $3.69 $3.69
TOTAL $4260.90
All of the electrical connections consist of standard 9-pin and 25-pin D-
subminiature connectors used to quickly connect and disconnect the motor and
encoder wires to the control box.
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Table 2: List OfMachined Parts and Drawing Numbers.
Description Part# Qty Appox. Machining hrs.
Motor Adapter Plate 1010A 4.5
Bearing Spacer 1011A 1.5
HD Housing Cap 1012A 5
Turret Shaft 1013A 10
Inner Turret Washer 1014A 2.0
Adept Flange 1015A 5
Tooling Disk 1016A 6
Manifold 2001B 14
Mounting Fixture 3001C 9.5
HD Housing 3002C 16
Turret Head 3003C 18
The total prototype, machined by the author took about 91.5 hours to machine. If a
well-trained machinist were to machine these parts, it most likely would have taken
half the time. If the machining time were based on 45 hours at
$35 per hour, it
would have cost approximately $1,575 to machine. This time
does not include
assembly, tweak, and test.
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APPENDIX C: WIRING DIAGRAMS
The controller, drive, power supplies, and solenoids are all wired together inside the
control box. The following diagrams illustrate the current wiring configuration.
0EM6250 CONTROLLER
WIRING SETUP
BROWN (WHITE) - DRIVE PIN #11
BLACK (YELLOW) - DRIVE PIN #10
YELLOW (ORANGE) - DRIVE PIN #9
ORANGE - DRIVE PIN #16
BLACK (WHITE) - DRIVE PIN #2

















BROWN (HOMING SENSOR) & +24 VDC






25 PIN TO CONTROLLER
OEM300 +75VDC [g]
OEM30O -75VDC g
MOTOR WHITE/GREEN g HALL GND
MOTOR WHITE/BLUE g HALL +5V
MOTOR WHITE/BROWN HALL 1
MOTOR WHITE/ORANGE g HALL 2
MOTOR WHITE/YELLOW HALL3
MOTOR RED/YELLOW g PHASE A
MOTOR WHITE/YELLOW g PHASE B









Wiring Diagram 1: Controller, Drive, & Power Supply Connections
Since the solenoids and homing sensor operates on 24 VDC, as opposed to the 5
VDC that is standard on the controller, resistors R13 and R45 have been snipped on
the controller. The disconnection of these resistors allows the user to operate the
outputs at 24 VDC. See Appendix F for the controller illustration. There is also a
resistor for the inputs that can be snipped which will allow the user to apply up to
24VDC to the inputs if needed. This application doesn't require any more than
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5VDC for the inputs. See wiring diagram 1 for the connections between the drive,
controller, and power supplies.
SOLENOID CONNECTION








TO OUTPUT CONNECTION ( + ) ON VM50
CONNECT THE DIODE IN PARALLEL TO
THE INDUCTIVE LOAD (SOLENOID).
CONNECTING THE ANODE TO THE VM50
OUTPUT AND THE CATHODE TO THE SUPPLY
VOLTAGE OF THE SOLENOID.
USE SILICON SWITCHING DIODES #1N914 OR #1N41-
VM50 (50 PIN SCREW TERMINAL FOR I/O CONNECTION)
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INPUT #4 + 41 42 s NPUT #4 (-) oo E \
INPUT #3 + fi 4J 44 fi MPUT #3 f-j oo \
w
INPUT #1 + } 47 4* (4 INPUT fjf1 (-]
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Wiring Diagram 2: VM50 Board & Input/Output Connections
The outputs, as mentioned before, are not optically isolated. The solenoids that are
being powered through the controller are high inductive loads. It is very important
that the solenoids are wired properly with the proper diodes. See wiring diagram 2
for the proper solenoid wiring connections.
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APPENDIX D; MOTION ARCHITECT PROGRAMS
The following two programs were used to setup the controller for operation. The
first program named
"setup"
sets all parameters need for proper motor operation. It
also instructs the turret to find the home position upon start-up. The second
program named
"dance"
is the program that was used to endurance test the turret.
This instructs the turret to follow through several moves. Both programs were

















SCALE 1 ;Enable acceleration, distance and velocity scale fa
SCLA 4000 /Acceleration = counts/volt
SCLD 33333 /Distance = counts/volt
SCLV 4000 ;Velocity
= counts/volt
SCLA 4000 /Acceleration = counts/rev
SCLD 33333 /Distance = counts/count
SCLV 4000 /Velocity
= counts/rev
.*********************** DEFINE SETUP PROGRAM
*****************************
DEL setup /Delete program, if any
DEF setup /Begin definition of program
-*********************** axis SCALING
*************************************
SCALE 1 /Enable acceleration, distance and velocity scale fa
SCLA 4000 /Acceleration = counts/volt
SCLD 33333 /Distance = counts/volt
SCLV 4000 /Velocity
= counts/volt







INDAX 1 /Specify number of participating axes
*********************** DRIVES
*******************************************
DRFLVL 1 /Define the active state of each drive fault input










/Enable/disable hard end-of-travel limits
/Specify hard limit deceleration (units/sec/sec)
/Specify hard limit average deceleration (units/sec/








/Specify soft limit POS (CW) range (units)
/Specify soft limit NEG (CCW) range (units)
/Enable/disable soft limits
/Specify soft limit deceleration (units/sec/sec)














Specify home acceleration (units/sec/sec)
;Specify home average acceleration (units/sec/sec)
'Specify home deceleration (units/sec/sec)
: Specify home average deceleration (units/sec/sec)
'Enable/disable home backup operation
; Specify home reference edge
- POS/NEG (CW/CCW)
Specify home final direction
- POS/NEG (CW/CCW)
Enable/disable Z-channel homing
Define the active state of each home limit
Specify home velocity (units/sec)
'Specify home final velocity (units/sec)
. *********************** FEEDBACK *****************************************
ERES 4000 /Specify encoder resolution (post-quad, encoder coun
SFB 1, 1 /Specify servo feedback source













/Enable/disable output functions (OUTFNC)














































































One-to-One program #3 select (DAN
stop command input









/Specify jog acceleration (units/sec/sec)
/Specify jog average acceleration (units/sec/sec)
/Specify jog deceleration (units/sec/sec)
/Specify jog average deceleration (units/sec/sec)
/Specify jog velocity (units/sec) when the jog velo
/Specify jog velocity (units/sec) when the jog veloc
*********************** PROGRAM SELECTION ********************************












JOYCDB 0, 0, 0












joystick average acceleration (units/sec/se
joystick deceleration (units/sec/sec)
joystick average deceleration (units/sec/se
maximum joystick velocity (units/sec) when
maximum joystick velocity (units/sec) when
the analog channel that will control each a
the analog channel that will control each a
/Specify joystick center voltage (volts)
/Specify joystick center deadband voltag
/Specify joystick end deadband voltage (



















/Disables the drive when the !K command is executed
/Displayes the controller's information
/Sets the proportional feedback gain
/Sets the velocity feedback gain
/Sets the integral feedback gain
/Sets motor's position to absolute mode
/Sets motor to preset mode
/Enables drive #1
/Executes the homing sequence
.*+*+*******************
END SETUP PROGRAM ********************************

































































































APPENDIX E: TURRET PART DRAWINGS
The designed part drawings in this section were used to machine each part. All
CAD drawings were generated in 2-D using AutoCAD version 12. CAD files on
disk can be obtained from Dr. Walter if needed. If needed, parts may be
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APPENDIX G: TURRET OPERATION MANUAL
It is important that a few procedures are followed and understood before operating
the turret. The following is a list procedures and precautions that should be
,
RS-232C PORT (COMPUTER)
. CABLE #1 (MOTOR)
CABLE 2 (MOTOR)
j j 9-PIN I 9-PIN
HOMING SENSOR (INDUCTIVE SWITCH)
CABLE #3 (MOTOR)
"'













6 LIGHTS FOR END
'
EFFECTOR ACTUATION
- MAIN POWER LIGHT
MAIN POWER SWITCH
Figure 16 Connections To The Control Box
followed while operating the turret. It is recommended that the
user read this
section in full before operating the turret.
? Be sure that all of the 9-pin and 25-pin D-sub connectors are hooked up properly
to the control box (see Figure 16). The RS-232C connection on the back of the
control box has to be hooked up to the RS-232C port that is located on the back
of a personal computer. This RS-232C port on a PC can be either a 9-pin serial
port or a 25 pin parallel port. This will provide means of communication
between the two.
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? Install the "Motion
Architect"
software onto the computer that is hooked up to
the control box. This program consists of two
3.5"
floppy disks that Dr. Walter
can provide.
? Inspect the turret tool changer. The turret will begin to rotate when the system
is powered on. Be sure that there is nothing in the way that would restrict its
movement.
? If anything should go wrong at any time, press the "kill all
power"
button
located in the middle of the front panel on the box or issue a
"!K"
command on
the terminal screen in the Motion Architect program.
? To visually inspect that the power-up procedure was successful, the following
should be true:
> The turret should have come to a stop at the home position. The steel dowel
pin should be located beneath the homing sensor and the homing sensor light
should be off- this is the home position.
> There are two lights on the OEM670 drive.
The red light should be off.
The green light should be on.
> There are three lights on the OEM6250 controller board.
"DSBL2"
red light should still be on. This means that drive #2 is
disabled.
"DSBL1"
red light should be off. This means that drive #1 is enabled
The
"STATUS"
light should be green and turned on.
? If the user is a beginner at this 6000 series programming language and he or she
wishes to experiment with the various commands, it is recommended that the
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following be done before executing moves. This will allow the user to rotate the
turret head an unlimited amount of turns without twisting any of the electrical or
pneumatic lines.
> Remove the pneumatic tubing and electrical connections that interface
the end effectors to the manifold located at the center of the turret head.
> Unscrew and remove the manifold from the turret mechanism and zip tie
(fasten) it to a non-moving part of the turret mechanism such that it does
not interfere with any moving parts.
* Unscrew and remove the end-of-travel limit switch box and fasten it
somewhere out of the way ofmoving parts.
> The set-up program enables the use of the CW and CCW limits with an
"LH3"
command. Since these switches are being pulled off of the
system it will be necessary to perform an
"LHO"
command in the
terminal window of the Motion Architect program. This will disabled
the CW and CCW limit switches that are not in use. The user is now
able to execute any command without the interference of any
accessories. When the user screws the CW and CCW limit switch box
back onto the body of the turret, it will then be necessary to enable the
CW and CCW switches with the
"LH3"
command.
It is important that the motor's proportional, velocity, and integral gains are set
properly. The following settings can be set in the setup program or executed in
the Terminal window: "SGP25", "SGV3", and "SGIO". To view the current
settings of these gains, execute "SGP", "SGV", &
"SGI"
in the terminal window
and it will return the current settings. These selections for gains were tweaked
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to reach proper performance of the motor. If this turret and motor is going to be
used extensively, it is recommended that the drive be tuned so that the optimal
gain values can be found and implemented. This tuning of the drive procedure
can be found in the OEM6250 Programmer's Guide.
The setup program illustrated in Appendix D is a good starting point for
learning commands. The setup program is important in that it sets up all
necessary parameters for the motor and the system when the main power is
turned on. If the user chooses to generate a setup program that is unique to their
project, the following list of steps should be followed:
Product getup g.ditot Ji
File Oenftrate Help,
''











Figure 17: Motion Architect Setup Window
> In Motion Architect, execute the Setup window. This will allow the user to
setup the necessary
parameters to operate the motor and the system (see
Figure 17).
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> Setup up each of the items in the
"configure"
pull-down menu. These menus
are very user friendly and will ask the user for any pertinent information
needed. The checkmarks to the left of each item indicate the completion of
the setup of that item. If the user in unfamiliar with anything in Motion
Architect, two great sources of information can be accessed:
The "OEM 6250 Servo Controller User
Guide"
book
The "6000 Series Software Reference
Guide"
book
> Once each of the items have been set up, click
"generate"
on the menu bar.
This will generate the setup configuration file (.cfg extension) and a
program code file (prg extension).
> Once this program is generated, the user then executes the Terminal window
in Motion Architect. Select Transfer in the menu bar. Click on "Send
motion program". Select the file that has just been created. This will then
download the program to the controller. Be aware of any sudden movements
of the turret head. If anything goes wrong or doesn't sound right, execute a
"!K"
command in the terminal. Upon downloading, the controller checks the
setup program and may execute some of the code that has been written.
> At this point, the program is in the controller's non-volatile memory, but it
doesn't know to execute this or any program upon powering up the system.




is the program that the user wishes to execute upon power-up.
> In the Terminal window, execute "reset". This is just as good as turning the
main power off and on again.
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? The Editor window in Motion Architect allows the user to generate new or edit
existing programs that are saved locally in the user's PC. Once a program is
written or edited, it can be downloaded to the controller from the terminal
window as mentioned above.
? The Panel window allows the user to construct a window that displays real time
information about the controller and motor's operation. It also allows the user
to program buttons to execute lines of code when clicked with a mouse. See
Figure 14 for an example of this Panel.
? Some of the commands that are mostly used in the terminal window are listed
below. For any further assistance or description of the command listed below,
refer to the 6000 Series Software Reference Guide.
> D -^ sets the distance (when in incremental mode MAI) or position (when in
absolute mode MAO) that the user wishes to move.
> A -> sets the acceleration in rev/sec2.
> AD -> sets the deceleration in rev/sec2.
> AA -> sets the average acceleration for s-curve movements.
> ADA *> sets the average deceleration for s-curve movements.
> V -> sets the velocity of the motor in rev/sec.
> MAO -> sets the motor to incremental mode.
> MAI -> sets the motor to absolute mode.
> SGP -> sets the proportional feedback gain (should be 25).
> SGV -> sets the velocity feedback gain (should be 3).
> SGI - sets the integral feedback gain (should be 0).
> SCLD -> sets the distance-scaling factor.
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> INFNC -> defines the function for each input.
> OUTFNC -^ defines the function for each output.
> TIN -> checks the status of the inputs.
> TOUT -^ checks the status of the outputs.
> TDIR -> Displays a directory of files that have been saved in the controller's
non-volatile memory.
> DRIVE 1 - enables drive #1.
> DRIVEO - disables drive #1.
> !K -> immediately kills the current command or program and disables the
drive.
> TPE -> displays the encoder's actual position.
> TLIM - displays the status of the CW, CCW, and Home limits.
> HOM1 -> initiate the homing sequence.
> TDAC -^ checks the analog output voltage to the motor.
> LHO - disables the hard limits (CW & CCW limits).
> LH3 -> enables the hard limits (CW & CCW limits).
> GOl -> initiates movement to axis #1.





depending on the INLVL setting).





depending on the OUTLVL setting).
> L -> makes a program loop back to the beginning.
> PSET -^ sets the axis to an absolute position.
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> STARTP -> specifies the name of the program that will automatically be run
upon power-up or the RESET command.
> T -^ sets a time delay in a program.
>
TRACE -^ trace mode allows the user to view each command on the monitor
as the command is being executed in the program.
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